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Voice onset time (VOT) is deﬁned as the interval between the
release of an oral constriction (acoustically marked by a noise burst)
and the onset of voicing (acoustically marked by the onset of pe-
riodic voicing) [1,2]. When the stop consonant is released prior to
voice onset, the VOT is considered to be positive, while voicing
onset that precedes the release is considered negative VOT. The
stop consonants /p, t, k/ are known as voiceless because the vocal
cords produce no voicing during the articular closure, and /b, d, g/
are stop consonants that are voiced. Because speech production
includes the temporal coordination of respiratory, laryngeal, and
orofacial muscle activities, the release of vocal tract occlusion and
the initiation of glottal vibrations have to be properly adjusted
during the production of stop consonant-vowel sequences. Thus,
VOT can be considered a measure of the temporal coordination of
the underlying successive articulatory gestures.
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/t/ and /d/ that are produced with the constriction of the blade of
the tongue against the ridge behind the upper teeth (alveolar), and
(3) /k/ and /g/ that are produced with the constriction of the back of
the tongue against the back of the roof of the mouth, the soft palate
(velar). Bilabial VOTs are consistently shorter than velar and alve-
olar, but there appears to be some speaker variation as to whether
alveolar stops have a shorter VOT than velars [3] or whether they
are the same [4]. Besides the place of articulation, VOT can change
as a function of the identity of the following vowel, speaking rate,
lung volume, and age [2,5e7].
In relation to gender the results are conﬂicting, with some
studies reporting a difference between sexes [8e10], and others not
showing a signiﬁcant gender effect on VOT [11,12]. Because VOT
reﬂects the temporal control between the larynx and the lips,
tongue and jaw, the examination of VOT patterns in children pro-
vides us with information on how this temporal parameter of
speech is acquired and mastered as a function of development
[13,14].
VOT has also received a good deal of attention from speech re-
searchers in that it has proven to be a useful parameter for speech
pathologists. VOT has been investigated in a range of motor speech
and language disorders [15e24]. For speech and language thera-
pists, a major clinical goal of VOT analysis in speech and language
disorders is to establish a correlation between the acoustic abnor-
malities and the phonetic perturbations, or/and disturbances in
phonological planning. VOT disruptions seem to occur in dysfunc-
tions of the basal ganglia and the anterior language zones. Either all
these cerebral structures, i.e., frontal cortex, cerebellum, and basal
ganglia, interact during the computation of temporal relationships
or a variety of pathomechanisms result in similar deviations of VOTnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Several studies of the acoustic characteristics of European Por-
tuguese (EP) have been published, although the studies on VOT
characteristics are scarce [25e29]. Moreover, the majority of the
participants were adults. The main purpose of this study was to
study the VOT changes as a function of gender and age, and to
contribute to the knowledge of the VOT characteristics of the stop
consonants /p, t, k/ in children with EP as mother tongue.
2. Methodology
2.1. Participants
Four groups of participants from one school in Faro were
recruited to the study: Group I (n ¼ 24; 5e6 years; mean age 5.5
years); Group II (n ¼ 14; 7e8 years; mean age 7.1 years); Group III
(n ¼ 14; 9e10 years; mean age 9.4 years). Equal numbers of boys
and girls participated in each age group. In all cases, the subjects:
(1) had no history of neurological or sensory-motor impairment
which would affect articulation, phonation, and/or respiration, as
judged by the class teacher; (2) were monolingual speakers of
European Portuguese; (3) had no speech or language impairments
as judged by TALC [30], GOL-E [31], and TAV [32]; (4) had no
hearing problems as judged by an audiologist, and (4) volunteered
to participate in the study with parental consent.
2.2. Speech stimuli
All subjects produced three repetitions of each of the voiceless
stop consonants /p, t, k / in a syllable initial position, followed by
the vowels /a/, /i/, and /u/. The corpus contained nine disyllabic
words that were produced within the frame sentence Diga___por
favor [25,26] to produce speaking rates more nearly in line with
conversational speech. The phrases and target stop consonants
were elicited from the children in a randomized order using a
repetition task. A repetition task was chosen because the study
included very young children without reading abilities. In sum, a
total of 1404 items (52 speakers  3 vowels  3 consonants  3
repetitions) were produced. The children’s speech samples were
collected at pre- and elementary school facilities in the least dis-
tracting environment possible. Data were recorded using a wireless
system that included a handheld microphone (SHURE SM58; USA)
located 10 cm in front of the subject’s mouth, and a diversity
receiver (T4A-PR; USA). Data were recorded using a laptop com-
puter (Toshiba Satellite C850; Germany). All vocal recordings were
digitized at a sampling rate of 44.1 kHz a resolution of 16 bits and
saved in WAV-format, using Audacity 2.0.2, a freeware program
(GNU General Public License/GPL).
2.3. Measurements
Measurements were made of VOT in EP plosives followed by
vowels in word-initial position in stressed syllables. VOTs were
measured by marking off the interval between the release of the
stop and the onset of glottal vibration [35]. Lag time measurements
were taken using the length from the burst to the instant in time at
which the second formant intensity becomes characteristic for a
vowel in the spectrogram. In the case of multiple bursts, the ﬁrst
burst was chosen as the beginning of VOT value. In the cases where
VOT was unclear, e.g. presence of background noise, the speech
sample was discarded. All samples were labelled manually in the
digitized sound wave using the computer program Praat (GNU
General Public License/GPL).
To ensure consistency in the VOT measurements, a test of inter-
rater reliability was carried out. Reliability measures wereconducted by randomly selecting data from different age groups for
reanalysis by a second rater. A Pearson’s product-moment corre-
lation was used to calculate the level of inter-rater reliability. A
signiﬁcant correlation coefﬁcient (r ¼ 0.940; p ¼ 0.000) demon-
strated a high level of inter-rater reliability.
2.4. Statistical analysis
A t-test was used to establish the differences between VOT
values of boys and girls. A one-way ANOVA was used to study the
change of VOTwith age, place of articulation, and the identity of the
following vowel. Whenever an overall signiﬁcant difference in
group means was obtained, the Bonferroni’ method was used to
make a pairwise comparison of VOT means. All statistical analyses
were carried out using IBM SPSS for Windows, version 22.0 (SPSS,
Inc, Chicago, IL). Signiﬁcance was set at p < 0.05.
3. Results
The results showed that children from all age groups had a
positive VOT when producing the voiceless stop consonants. Re-
sults show that the EP voiceless stops /p t k/ are unaspirated, as in
French, Spanish, Italian and many other Romance languages [34].
The inﬂuence of gender, age, place of articulation and the identity of
the following vowel on VOT mean values were investigated.
3.1. Inﬂuence of gender
Gender differences were analyzed using a t-test (Table 1). In
most instances (79%), the mean VOT values did not differ signiﬁ-
cantly between boys and girls. Therefore, the two groups were
considered to be from the same population, and the data from the
two groups were combined for the subsequent analyses.
3.2. Inﬂuence of age
The VOT means and 95% conﬁdence intervals for the stop con-
sonants /p/, /t/ and /k/ are illustrated in Figs. 1e3, respectively.
Studying the effect of age on the values of VOT, the bilabial stop
consonant /p/ showed the same pattern whatever the identity of
the following vowel (Fig. 1). A one-way ANOVA revealed a signiﬁ-
cant main effect of age for syllables /pa/ (F(2,149) ¼ 17.45; p-
value ¼ 0.000), /pi/ (F(2,139) ¼ 47.87; p-value ¼ 0.000), and /pu/
(F(2,128)¼ 12.26; p-value¼ 0.000). Pairwise comparisons between
means using the Bonferroni adjustment revealed that, for all syl-
lables, there were no signiﬁcant differences between the VOT
means of Group I (5e6 years old) and Group III (9e10 years old).
However, signiﬁcantly lower VOTmeans were obtained for Group II
(7e8 years old).
The effect of age on the values of VOT of the stop consonant /t/
was also studied (Fig. 2). For syllable /ta/ the pattern is similar to
that described for the stop consonant /p/. A one-way ANOVA
revealed a signiﬁcant main effect of age (F(2,142) ¼ 11.75; p-
value ¼ 0.000), and pairwise mean comparisons using the Bon-
ferroni adjustment revealed that Group I is not signiﬁcantly
different from Group III, but both are signiﬁcantly higher than
Group II. For the syllables /ti/ and /tu/ VOTmean decreases with age
although the differences were signiﬁcant for syllable /tu/
(F(2,155)¼ 3.95; p-value¼ 0.021) but not signiﬁcant for syllable /ti/
.
Studying the effect of age on the values of VOT for the stop
consonant /k/ showed that syllable /ka/ does not change with age,
but /ki/ and /ku/ decrease signiﬁcantly with age (F(2,145) ¼ 25.54;
p-value ¼ 0.000 and F(2,119) ¼ 3.99; p-value ¼ 0.021, respectively).
Bonferroni post-hoc tests showed, in both cases, that a signiﬁcant
Table 1
Comparison of VOT mean values between boys and girls grouped by the stop con-
sonant and the identity of the following vowel. **signiﬁcant at the 0.05 level.
Age group Consonant Vowel VOT mean
values
t-statistic
Boys Girls
I /p/ /a/ 18.8 17.6 1.38
/i/ 22.4 22.4 0.04
/u/ 35.1 36.6 0.48
/t/ /a/ 21.1 24.8 1.70
/i/ 39.3 35.8 1.35
/u/ 41.7 41.0 0.26
/k/ /a/ 31.0 40.4 3.25**
/i/ 59.6 60.6 0.29
/u/ 66.0 63.1 0.71
II /p/ /a/ 11.2 14.9 3.34**
/i/ 17.4 17.4 0.06
/u/ 29.9 24.3 1.94
/t/ /a/ 16.1 18.6 1.70
/i/ 33.0 38.7 1.82
/u/ 37.7 39.0 0.48
/k/ /a/ 33.2 39.4 2.62**
/i/ 52.0 59.2 2.02
/u/ 61.2 59.4 0.33
III /p/ /a/ 18.1 16.2 1.32
/i/ 22.7 24.8 1.03
/u/ 36.1 41.5 1.59
/t/ /a/ 23.8 25.7 2.02
/i/ 30.4 37.4 2.74**
/u/ 34.1 37.0 1.40
/k/ /a/ 37.2 37.8 0.30
/i/ 39.1 45.5 2.13**
/u/ 53.6 55.7 0.53
Fig. 1. Mean VOT for /p/ and vowel context /a/ (◊), /i/ (C) and /u/ (B), for each age
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mean of Group II being an intermediate value between those two
age groups.
3.3. Inﬂuence of place of articulation
Regarding the place of articulation, the mean VOT value tends to
increase as the position of occlusion moves posteriorly within the
oral cavity - the mean VOT values for /p/ are shorter than for /t/
which, in turn, are shorter than for /k/ (Table 2). Two exceptions
occurred relating to the vowel /u/ for age groups I and III, where
bilabial and alveolar VOTs have the same value and velar VOTs are
shorter.
3.4. Inﬂuence of the identity of the following vowel
VOT changed as a function of the characteristics of the following
vowel. In most cases VOT tend to be longer before high vowels than
before low vowels (Table 3).
4. Discussion
The ﬁndings indicated that the speaker’s gender was not a factor
associated with the VOT values. Previous investigations of VOT
differences between English speaking males and females have had
varied results. For some authors no signiﬁcant differences were
found related to gender in young adults [11,12,37]. Other studies
reported signiﬁcant VOT differences between sexes ofgroup. Error bars denote inter-speaker variability (95% conﬁdence interval, CI).
Fig. 2. Mean VOT for /t/ and vowel context /a/ (◊), /i/ (C) and /u/ (B), for each age group. Error bars denote inter-speaker variability (95% conﬁdence interval, CI).
Fig. 3. Mean VOT for /k/ and vowel context /a/ (◊), /i/ (C) and /u/ (B), for each age group. Error bars denote inter-speaker variability (95% conﬁdence interval, CI).
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differences between sexes of preadolescent children were either
obtained only for aspirated stop consonants [8] or were linked to
age, becoming marked by the age of 11 years old [9] or 13.2 years
old [36]. These authors [9,36] hypothesised that the sex differences,which are consistently present in the VOT values of the older
children, could be explained in terms of the sexual dimorphism of
the larynx and the vocal tract which emerges during adolescence.
This hypothesis could also explain why the data obtained in the
present study, which covers the ages between 5 and 10 years old,
Table 2
Comparison of the mean VOT values (standard deviation) by place of articulation of the stop consonant. **F statistic signiﬁcant at the 0.05 level.
Age group Vowel Consonant F Post-hoc analysis
p t k
I /a/ 18.0 (3.8) 23.3 (9.2) 36.6 (12.4) 78.2** /pa/ < /ta/ < /ka/
/i/ 22.4 (4.8) 37.2 (11.7) 60.1 (14.3) 209.0** /pi/ < /ti/ < /ki/
/u/ 35.9 (12.3) 41.2 (12.8) 64.4 (16.0) 76.4** /pu/ ¼ /tu/ < /ku/
II /a/ 13.5 (3.7) 17.5 (4.7) 36.8 (7.5) 191.3** /pa/ < /ta/ < /ka/
/i/ 17.4 (4.5) 36.5 (10.5) 56.3 (11.6) 163.3** /pi/ < /ti/ < /ki/
/u/ 26.5 (8.4) 38.5 (8.3) 60.2 (16.0) 77.2** /pu/ < /tu/ < /ku/
III /a/ 17.3 (4.4) 24.8 (2.8) 37.5 (6.6) 162.1** /pa/ < /ta/ < /ka/
/i/ 23.9 (5.8) 34.0 (8.5) 42.0 (9.4) 44.6** /pi/ < /ti/ < /ki/
/u/ 39.0 (10.6) 35.4 (6.4) 54.5 (9.5) 36.4** /pu/ ¼ /tu/ < /ku/
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boys and girls.
Few studies have been published about the VOT values of EP
stops, so there is a lack of reference data for this characteristic. So
far, only two detailed studies on this matter have been published
[25,26]. The ﬁrst study [25] investigated VOT values of six Portu-
guese adults, and the second [26] analyzed stop consonants of two
Portuguese children, one with speech disorders and one with
normal speech. Thus there is a lack of data obtained from children
and no developmental studies on VOT values of EP stops have been
published. In the present study voiceless stops always had a posi-
tive VOT and mean results (based on the pooled data including all
children, n ¼ 52) are comparable to the values presented in both
papers cited above [25,26]. A mean VOT value of 23.8 ms was ob-
tained for /p/, 32.1 ms for /t/, and 51 ms for /k/. Except for /k/, the
results are slightly higher than those found by Lousada et al. [26] for
adults (20 ms for /p/, 28 ms for /t/, 51 ms for /k/), and of the same
order of magnitude reported by Barroco et al. [25] for the child with
normal speech (26 ms for /p/, 31 ms for /t/, and 50 ms for /k/).
However, a more detailed conclusion can be drawn if data are
analyzed using simultaneously three factors e age, type of stop
consonant and identity of the following vowel. Upon closer in-
spection of the data, age seems to have no inﬂuence on the
developmental VOT values of syllables /pa/, /pi/, /pu/, /ta/, and /ka/.
No signiﬁcant differences between the VOT values of Group I (5e6
years old) and Group III (9e10 years old) were obtained. This group
of syllables seem to be mastered by the age of 5 years old. However,
markedly lower VOT values were obtained for Group II (7e8 years
old). A possible explanation for this lower VOT value could be
related to the change of primary teeth that takes place at about age
6. This constraint could upset the pre-existing pattern of supra-
laryngeal gestures, which could be reorganized by the age of 9e10
years old. Nevertheless, a remarkable difference was observed in
relation to the inﬂuence of age on syllables /ti/, /tu/, /ki/, and /ku/.
Statistical analyses conﬁrmed that VOT decreases signiﬁcantly with
age. For consonants /t/ and /k/ and vowels /i/ and /u/, this could beTable 3
Comparison of the mean VOT values (standard deviation) by the identity of the followin
Age group Consonant Vowel
/a/ /i/
I /p/ 18.0 (3.8) 22.4 (4.8)
/t/ 23.3 (9.2) 37.2 (11.7
/k/ 36.6 (12.4) 60.1 (14.3
II /p/ 13.5 (3.7) 17.4 (4.5)
/t/ 17.5 (4.7) 36.5 (10.5
/k/ 36.8 (7.5) 56.3 (11.6
III /p/ 17.3 (4.4) 23.9 (5.8)
/t/ 24.8 (2.8) 34.0 (8.5)
/k/ 37.7 (6.7) 42.0 (9.4)an evidence that the coordination between articulators becomes
more effective (see discussion between VOT and place of articula-
tion) as children grow older and, as a consequence, skill in the
speech motor control improves with age.
Results conﬁrmed that place of articulation and VOT were
related (Table 2). In most cases VOT was longer for [k] than for [t]
and [p]), as previously reported by several authors
[2,25,26,28,29,33,37]. Results show that EP does not have aspirated
stops and therefore special motor skills in timing are not as
important as in English. But for unaspirated stops the literature
indicates [33] that several physiological/aerodynamic characteris-
tics account for the variation of VOT associated with a difference in
the place of articulation. For instance, the volume of the cavity in
front of the point of constriction is greater in velar stops than in
bilabial and dental stops, and this causes a greater obstruction to
the release of the pressure behind the velar stop. This pressure will
take longer to decrease, provoking a delay in the production of
adequate transglottal pressure [33]. But the movement of articu-
lators is also important for unaspirated stops [33]. A faster articu-
latory velocity in bilabials (movement of the lips) than in velars
(movement of tongue dorsum) allows a more rapid decrease in the
pressure behind the closure and consequently a shorter time before
an appropriate transglottal pressure is reached [33].
This complex mechanism is reﬁned as the child grows and VOT
values of syllables /ti/, /tu/, /ki/, and /ku/ signiﬁcantly reduce be-
tween 5 and 10 years old.
VOT changed as a function of the characteristics of the following
vowel, as previously observed by other authors [2,25,26,29,37].
With very few exceptions VOT was longer before high vowels than
before low vowels. Co-articulation between sounds will always
inﬂuence the positions of some parts of the vocal tract [34].
Whereas vowel /a/ has a tongue position that is low and back in the
mouth, the sound /u/ is producedwith a high position of the tongue
and the lips relatively closed [34]. In this sense the longer values of
VOT observed in the present study for syllable /ku/ are the result of
a great obstruction to the release of the velar stop /k/ plus ag vowel. **F statistic signiﬁcant at the 0.05 level.
F Post-hoc analysis
/u/
35.9 (12.3) 97.1** /pa/ < /pi/ < /pu/
) 41.3 (12.8) 50.9** /ta/ < /ti/ ¼ /tu/
) 64.4 (16.0) 72.8** /ka/ < /ki/ ¼ /ku/
26.5 (8.4) 47.7** /pa/ < /pi/ < /pu/
) 38.5 (8.3) 77.9** /ta/ < /ti/ ¼ tu/
) 60.2 (16.0) 37.6** /ka/ < /ki/ ¼ /ku/
39.0 (10.6) 83.9** /pa/ < /pi/ < /pu/
35.4 (6.4) 28.5** /ta/ < /ti/ ¼ /tu/
54.5 (9.5) 31.3** /ka/ ¼ /ki/ < /ku/
L. Brinca et al. / Ampersand 3 (2016) 137e142142considerable amount of lip rounding occurring during /k/ when the
next sound is /u/. This skill in the speech motor control improves
signiﬁcantly with age but will always correspond to longer VOT
values.
The VOT data presented in this study complement previous
studies [33,35] that compare VOT in different languages.
5. Conclusions
In the present study the results indicated that gender is not a
factor associated with VOT in pre-adolescent children with EP as
mother tongue. The present study conﬁrmed that VOT decreases
signiﬁcantly with age particularly for consonants /t/ and /k/ fol-
lowed by vowels /i/ and /u/. Results conﬁrmed that place of artic-
ulation and VOT were related being generally longer for /k/ than for
/t/ and /p/. For all voiceless EP stop consonants, the VOT value
signiﬁcantly changed as a function of the characteristics of the
following vowel, being generally longer before high vowels than
before low vowels.
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